Abstract Reducing body myopathy is a rare muscle disease defined by abnormal inclusions in affected muscle fibers that can be stained with menadione-nitroblue tetrazolium. The origin of these inclusions has not been determined. Here we show that reducing bodies bear characteristics of nucleoli. Ultrastructurally, muscle biopsy specimens of a patient with adult-onset reducing body myopathy showed granular structures of reducing bodies with features similar to the granules of nucleoli, which consisted of pre-ribosomes. In addition, reducing bodies were positive for histochemistry of argyrophilic nucleolar organizer regions (a method for detecting the areas where ribosomal RNA is actively transcribed in the nucleolus), and for antibodies against nucleoli and nuclear ribonucleoprotein. The current findings suggest that reducing bodies contain pre-ribosomes and their associated proteins of the nucleolus and that formation of reducing bodies may result from defects of processing and assembly of ribosomes.
Introduction
Reducing body myopathy (RBM) is characterized by inclusions abnormally stained by menadione-nitroblue tetrazolium (NBT) in affected muscle fibers. The term was derived from an observation that a certain substance within the bodies reduces NBT in the absence of substrate in α-glycerophosphate dehydrogenase reaction [1] . Although it was suggested that the reducing capacity was attributable to proteins containing a sulfhydryl group, the precise origin of the reducing bodies has not been clarified. In addition to having the reducing capacity, reducing bodies contain RNA [1, 2] . Electron microscopic studies showed that reducing bodies were composed of condensed granular structures [1, 9, 15] .
In this study, we tested the possibility that the reducing bodies have characteristics of a nucleolus, as this can comprise condensed granular structures and contains RNA; more precisely, the nucleolus is the center of ribosomal RNA (rRNA) synthesis [13] . The foci of rRNA generation can be visualized by silver stainings [4] , which might be related to a reducing reaction in the abnormal inclusions. The present results suggested that there is abnormal localization of nucleolar components in the cytoplasm in muscle fibers in RBM.
Materials and methods

Clinical data
A 33-year-old woman was admitted to our hospital for evaluation of slowly progressive walking difficulty for 1 year with weakness of upper extremities in the last 6 months. She had been aware of slowly progressive atrophy of her left leg for the previous 10 years. Her family history was negative for neuromuscular diseases. On physical examination, there was a marked limitation in the neck flexion and mild restriction of head turning. No other spinal deformity or joint abnormalities were observed. Muscle atrophy and weakness were present in the trunk and limbs, especially in the proximal upper limbs and the left lower extremity. On the MRC scale, the muscle strength was 4-in the neck flexor, 4/4+ in the biceps brachii, 4/4 in the triceps brachii, 5/5 in the wrists and fingers, 5/4+ in the iliopsoas, 5/5 in the quadriceps, 5/4 in the tibialis anterior, 4/3 in the extensor hallucis longus, and 4/4 in the gastrocnemius muscles. The deep tendon reflexes were normal. No pathological reflex was elicited. Sensory signs were negative. The serum creatine kinase level was 416 IU/l (normal <141). Electrocardiogram was unremarkable.
Electromyographic (EMG) studies showed spontaneous discharges (fibrillation and positive sharp waves) and myopathic mo-tor unit potentials in the biceps brachii and quadriceps femoris muscles, and mixed myopathic and neuropathic changes (late recruitment and reinnervation potentials) in the tibialis anterior, extensor hallucis longus and paraspinal muscles. A CT scan revealed marked atrophy and low density in the paraspinal muscles, left iliopsoas and left calf muscles. Severe atrophy of the rectus abdominus, trapezius, and infraspinatus muscles was also noted.
Histological studies of muscle
Muscle biopsy specimens were frozen in isopentane cooled in liquid nitrogen. Cryostat sections were prepared and subjected to the routine and immunocytochemical stainings.
For electron microscopy, a portion of the muscle specimens was fixed in 5% glutaraldehyde in 0.1% phosphate buffer pH 7.4, rinsed and postfixed in 2% osmium tetroxide and embedded in resin. Ultrathin sections were stained with uranyl acetate and lead citrate, and examined under a Hitachi H-7000 electron microscope.
Staining for menadione-NBT and methylgreen-pyronine was performed by the conventional methods [1] . Staining for argyrophilic nucleolar organizer regions (AgNOR) was performed as described previously [8] . Briefly, the sections were incubated in 1% dithiothreitol for 15 min. After rinsing, they were incubated in freshly mixed staining solution containing one volume of 2% gelatin in 1% formic acid and two volumes of 50% silver nitrate at room temperature for 30 min. After washing, they were immersed in 5% sodium thiosulfate for 5 min, dehydrated in alcohols, cleared with xylene, and mounted.
For immunostainings, monoclonal antibodies against nucleoli (clone 125-10, IgG1) and nuclear ribonucleoprotein (clone 58-15, IgM) were purchased from Chemicon and used in 1:30 or 1:20 dilutions, respectively. The monoclonal antibody against nucleoli stains nucleolar structures in a homogeneous pattern in immunofluorescence study [5] . The antibody against nuclear ribonucleoprotein stains ribonucleoprotein complexes of mitotic human cells and ribonucleoprotein particles over euchromatin and interchromatin regions as well as the granular regions of the nucleolus in interphase cells in immune electron microscopy [3] .
As for the procedures, serial 7-µm transverse sections were fixed in cold acetone. Nonspecific binding was blocked by preincubation in phosphate-buffered saline pH 7.4, containing 2% bovine serum albumin and 5% serum of animals from which the secondary antibody were raised. The sections were then incubated overnight at 4°C in the blocking solution containing the primary antibody. After incubation with a biotin-labeled secondary antibody, the sections were developed by the avidin-biotin complex (ABC) immunoperoxidase method (Vectastain ABC kit, Vector, Burlingame, CA). Control experiments included omission of the primary antibody in addition to substitution of nonimmune mouse IgG or IgM in place of the primary antibody. In each set of immunostainings, a serial section stained by menadione-NBT served as a reference to identify reducing bodies.
Results
The first biopsy specimens obtained from the biceps brachii muscle showed mild variation of muscle fiber diameters, slight type 1 fiber predominance, and occasional fibers containing cytoplasmic bodies or fiber splitting. The second biopsy specimens obtained from the infraspinatus and the neighboring paraspinal muscles demonstrated definitive abnormalities.
In the infraspinatus muscle, the muscle fibers were 5-100 µm in diameter. There were some foci of nuclear clumps and a mild increase of internal nuclei. A few vacuolated fibers were observed. In trichrome sections, a proportion of fibers contained dark green inclusions that were sometimes intermingled with eosinophilic cytoplasmic bodies. Type 1 fibers composed 62% of all fibers. Small groups of atrophic fibers were present irrespective of fiber types.
In the paraspinal muscle, the muscle fiber diameters ranged from 20 to 140 µm. A number of fibers contained internal nuclei. A proportion of fibers were hypertrophic and showed a whorled appearance or fiber splitting. Other fibers contained vacuoles or similar inclusions as in the infraspinatus muscle. Type 1 fibers accounted for 89% of all fibers.
In the two muscles, most of the fibers containing inclusions belonged to type 1. In NADH dehydrogenase-reacted sections, enzyme activity was absent where inclusions were present in a serial trichrome-stained section.
Ultrastructural study
The inclusions in the infraspinatus and paraspinal muscles showed similar characteristics. Reducing bodies, round or oval in shape and composed of osmiophilic dense structures intermingled with lucent islands were located either in the subsarcolemmal or intermyofibrillar spaces (Fig. 1A ). They were also frequently found near nuclei. The reducing bodies were sometimes interspersed by cytoplasmic bodies exhibiting a fine filamentary central region of varing electron density encircled by a halo of radiating myofilaments. The myofibrils between these groups of cytoplasmic and reducing bodies were markedly lost and degenerated with disorganized cross-striations. A few fibers showed disorganization of the Z-line with distortion or streaming without other abnormalities. In most other muscle fibers, the fundamental structure was preserved. One nucleus containing peculiar inclusions that showed frogspawn appearance was found (Fig. 1B) . Highly indented nuclear membranes with dense nuclear chromatin were seen in some nuclei of muscle fibers.
Ultrastructural comparison of reducing bodies with nucleoli
The osmiophilic density of reducing bodies was similar to that of nucleoli and less than that of heterochromatin. At low magnifications, the configuration of reducing bodies resembled nucleoli that were oval in shape and contained several lucent areas, although most of the reducing bodies were much larger than nucleoli or nuclei. At higher magnifications, the dense structures of reducing bodies were collections of granules of 6-18 nm in diameter ( Fig. 2A) . Other round structures were seen as rings in less dense areas. Fine filaments running in the background could be seen. These granular structures mixed with fine filaments in the dense areas in reducing bodies were very similar to those of nucleoli found in intact muscle fibers (Fig. 2B) . 
Specific histochemistry
In menadione-NBT-stained sections reducing bodies were found in the same regions that contained deep-green inclusions in serial trichrome-stained sections. With methylgreen-pyronine staining, reducing bodies were stained magenta, which indicates presence of RNA [1] . The reducing bodies were positively stained using the AgNOR method (Fig. 3) .
Immunohistochemistry
All reducing bodies were strongly positive for the monoclonal antibodies against nucleoli (Fig. 4D, E ) and ribonucleoprotein (Fig. 4F) . In control immunostaining, no positive immunoreaction was found in reducing bodies.
Discussion
We report here a patient with RBM, manifesting rigid spine in the neck and muscle atrophy of asymmetric distribution. Both rigid spine and focal muscle abnormalities are commonly observed in patients with RBM, especially in those with a relatively benign clinical course [6, 11] .
Under the electron microscope, reducing bodies appear as osmiophilic oval sponge-like structures containing lucent islands. The dense regions mainly contain granules [1] . The present findings demonstrated that these granular structures closely resembled those in the nucleolus. As nucleolar granules comprise pre-ribosomes [13, 16] , the positive immunoreaction of ribonucleoprotein in reducing bodies suggests that reducing bodies consist of pre-ribosomes equivalent to those present in the nucleolus.
Several studies have shown that reducing bodies are sometimes comprised of matted tubular structures [2] . In the present study, no typical tubular structures were found in reducing bodies, but some tubular appearance due to a combination of granules and filaments was seen (Fig. 2A) . Previous studies also suggested that the tubular profiles might be due to juxtaposition of granules [15] or to strands of granules with a beaded appearance [9] . On the other hand, reducing bodies sometimes showed tubular profiles in all aspects [2] . It is possible that reducing bodies showing typical tubular structures have a different origin from those with granules, or that the former is an evolving form of the latter.
In the current study, positive deposits of AgNOR were found in reducing bodies. AgNOR staining detects a set of argyrophilic proteins that participate in rRNA synthesis [12] . This staining is widely applied to evaluate the proliferating activity of malignant neoplasms. Among human muscle diseases, it demonstrates high concentration of rRNA generation in the nucleolus of muscle fibers in dystrophinopathy and polymyositis [17] . Since the AgNOR method may recognize a redox potential [4] , AgNOR and menadione-NBT may reveal essentially the same substances. The positive immunoreaction of reducing bodies with monoclonal antibody against nucleoli further sug- Fig. 2 Comparison of granular materials in reducing bodies (A) and a well-organized nucleolus (B) found in the infraspinatus muscle. Inset: Lower magnification of the nucleolus. In both ultramicrographs taken at the same magnification, the dense regions largely consist of granules of various sizes up to 18 nm in diameter. Some ring structures can be seen in both, although more easily in reducing bodies than in the nucleolus. In reducing bodies (A), some tubular profiles, probably due to a combination of granules and fine filaments, can be seen. In nucleoli (B), areas of dense granules are designated as the granular component of the nucleolus. Lucent areas correspond to the fibrilliar center or interstices of the nucleolus [10] . In nucleoli, the fine filaments are suggested to be cytoskeleton involved in ribosome transportation [14] . A, B ×170,000
gests that these bodies are derived from nucleolar components.
Taken together, the current study strongly suggests that reducing bodies are composed of pre-rRNA, its binding proteins, and proteins involving rRNA synthesis. Although the bodies may comprise nucleolar components, the formation of reducing bodies might not result from nuclear breakdown and liberation of nucleolar components into the cytoplasm; ultrastructural studies showed that reducing bodies frequently abutted onto intact nuclei or surrounded them in a mantle shape [1, 2, 7] . It is, therefore, possible that abnormal expression of pre-ribosomes may be caused by defects of ribosome maturation and assembly in the cytoplasm after pre-ribosome translocation from the nucleus. On the other hand, as ribosome formation occurs largely in the nucleolus [16] , it may be more likely that, in RBM, the rRNA maturation process in the nucleolus is impaired.
In conclusion, the current study suggests that pre-ribosomal components may form reducing bodies in RBM. RBM may be a disease that result from defects of proper rRNA processing and assembly. Fig. 4 Sections of the infraspinatus muscle stained by NBT (A, B) , methylgreen-pyronine (C), monoclonal antibody for nucleoli (D, E), and monoclonal antibody for nuclear ribonucleoprotein. A and D, B and E, and C and F are serial semi-consecutive sections. Deposits in menadione-NBT are positive for anti-nucleolar antibody (D, E) . The cytoplasmic pyronine-positive histochemical reaction (C) is colocalized with immuno-positive deposits of ribonucleoprotein in the center of the muscle fiber (F). A-F ×340
